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[11 Haywood et al. (2004) show that an aerosol layer above a cloud can cause a bias in the
retrieved cloud optical thickness and effective radius. Monitoring for this potential bias is
difficult because space-based passive remote sensing cannot unambiguously detect or
characterize aerosol above cloud. We show that cloud retrievals from aircraft
measurements above cloud and below an overlying aerosol layer are a means to test this
bias. The data were collected during the Intercontinental Chemical Transport Experiment
(INTEX-A) study based out of Portsmouth, New Hampshire, United States, above
extensive, marine stratus cloud banks affected by industrial outflow. Solar Spectral Flux
Radiometer (SSFR) irradiance measurements taken along a lower level flight leg above
cloud and below aerosol were unaffected by the overlying aerosol. Along upper level flight
legs, the irradiance reflected from cloud top was transmitted through an aerosol layer. We
compare SSFR cloud retrievals from below-aerosol legs to satellite retrievals from the
Moderate Resolution Imaging Spectroradiometer (MODIS) in order to detect an
aerosol-induced bias. In regions of small variation in cloud properties, we find that SSFR
and MODIS-retrieved cloud optical thickness compares within the uncertainty range for

each instrument while SSFR effective radius tend to be smaller than MODIS values

(by 1-2 pum) and at the low end of MODIS uncertainty estimates. In regions of large
variation in cloud properties, differences in SSFR and MODIS-retrieved cloud optical
thickness and effective radius can reach values of 10 and 10 um, respectively. We include
aerosols in forward modeling to test the sensitivity of SSFR cloud retrievals to overlying
aerosol layers. We find an overlying absorbing aerosol layer biases SSFR cloud
retrievals to smaller effective radii and optical thickness while nonabsorbing aerosols

had no impact.
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1. Introduction

[2] The radiative indirect aerosol effect, (also known as
the first indirect aerosol effect, the cloud albedo effect, or
the Twomey effect), refers to the brightening of clouds due
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to aerosol effects on cloud microphysics [Twomey, 1974,
1991]. Aerosols provide an increased concentration of cloud
condensation nuclei, resulting in a larger number of cloud
drops. For fixed liquid water content, the increased numbers
of cloud drops have smaller effective radii but present a
larger net cross-sectional area, hence increasing cloud
albedo. Experimental validation of the indirect aerosol effect
have been made in ship tracks [Platnick et al., 2000;
Coakley and Walsh, 2002] and other polluted environments
[e.g., Peng et al., 2002]. Wilcox et al. [2006] determined
experimentally that the indirect aerosol effect enhanced the
top-of-atmosphere cooling due to shortwave cloud radiative
forcing by —9.9 + 4.3 W m 2. However, global climate model
attempts at modeling this effect have large uncertainties.
[3] A global assessment of the first indirect effect must
rely on satellite observations of cloud radiative properties.
Determining the impact of aerosol particles on cloud radi-
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Figure 1. J-31 flight leg schematic. The upwelling irradi-
ance along below-aerosol flight legs is influenced only by
cloud. Along above-aerosol flight legs, the upwelling irradi-
ance is influenced by cloud and aerosol.

ative properties requires that the retrievals of cloud optical
thickness and droplet size are not biased by the presence of
aerosol. Haywood et al. [2004] describe an apparent indirect
aerosol effect in cloud retrievals. Absorbing aerosols over-
lying clouds reduce the upwelling reflected shortwave
radiation from cloud top. Since cloud retrievals generally
neglect aerosol above the cloud, the potential exists for a
bias that would be indistinguishable from an indirect aerosol
effect. Haywood et al. [2004] demonstrated that such low
biases are theoretically possible in Moderate Resolution
Imaging Spectroradiometer (MODIS) [King et al., 1997]
retrieved effective cloud droplet radii. The presence of an
overlying absorbing aerosol layer resulted in a smaller
retrieved effective radius (ratio of the third to second
moment of the cloud drop size distribution), potentially
indistinguishable in the absence of other observations from a
true indirect aerosol effect on cloud radiation.

[4] Reliable retrievals of cloud optical properties are
important for testing and supporting climate simulations and
because of the large uncertainty in cloud feedbacks on cli-
mate. The IPCC Working Group I assessment estimated the
indirect aerosol effect to be —0.3 to —1.8 W m™* with a low
level of scientific understanding [Forster et al., 2007]. The
radiative effects calculated by climate models have been
shown to be sensitive to droplet size [Slingo, 1990; Kiehl,
1994] since these models parameterize cloud optical thick-
ness using liquid water path and droplet size. Using such a
cloud parameterization and the NCAR Community Climate
Model (CCM2), Kiehl [1994] found that (for constant liquid
water path and 100% cloud cover) increasing effective
radius from 5 to 10 pm increased the amount of absorbed
solar radiation at the surface by 63 W m 2 with little change in
the absorbed solar radiation within the atmosphere. Chand
et al. [2009] demonstrated that the top-of-atmosphere
direct aerosol radiative effect depends not only on aerosol
type but also the percent fraction and albedo of underlying
clouds. They showed that the top-of-atmosphere direct
aerosol forcing changed from negative to positive as
underlying cloud fraction or cloud albedo increased. In
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general, cloud retrievals neglect the presence of aerosols
because the variability in aerosol microphysical properties,
regional loading, and lifetimes make their inclusion difficult,
if not completely impractical.

[5] Twomey and Cocks [1989] demonstrated a method to
retrieve cloud optical thickness and effective radius from
measurements of cloud reflectance in the visible and near-
infrared. By avoiding gas absorption bands, this retrieval
technique exploits the variation in bulk liquid water
absorption across the shortwave spectrum. At visible and
very near-infrared wavelengths less than about 1000 nm,
liquid water absorption is negligible but increases with
wavelength in the near-infrared. In the near-infrared, a near-
linear relationship exists between droplet single-scattering
albedo and droplet size. At shorter wavelengths reflectance
is primarily a function of cloud optical thickness. At longer
wavelengths, reflectance also depends on cloud droplet
single-scattering albedo and therefore, droplet size. These
relationships have been used to retrieve cloud optical
thickness and effective radius in a number of studies [e.g.,
Foot, 1988; Nakajima and King, 1990] and are the basis for
the passive optical remote sensing of clouds from satellite
instruments such as MODIS.

[6] In this study, we present retrievals of cloud optical
thickness and effective radius from irradiance measurements
from the Solar Spectral Flux Radiometer (SSFR) [Pilewskie
et al., 2003]. During the Intercontinental Chemical Trans-
port Experiment/Intercontinental Transport and Chemical
Transformation of anthropogenic pollution study (INTEX-A/
ITCT, hereafter called INTEX-A) [Singh et al., 2006] based
out of Portsmouth, New Hampshire, the SSFR was used to
measure downwelling and upwelling irradiance from the
Sky Research Jetstream-31 (J-31) aircraft. The 14-channel
Ames Airborne Tracking Sun photometer (AATS-14)
[Russell et al., 1999] measured spectral aerosol optical
thickness aboard the J-31 over a similar wavelength range as
the SSFR.

[7] We present results from two flights (on 15 and 20 July
2004) when the J-31 flew a low level leg above cloud and
below an aerosol layer and then flew an upper level leg
above both cloud and aerosol layers (see Figure 1). Thus,
the upwelling irradiance measured on the upper legs was
influenced by the properties of cloud and aerosol particles in
a manner similar to what would be seen from satellite. The
below-aerosol leg, however, provided the benefit of char-
acterizing the extinction of the aerosol layer and accounting
for its impact on the measured cloud albedo. This unique
capability from aircraft provides an opportunity to test the
effects of aerosol particles on cloud retrievals. This effect
needs to be understood to determine if a systematic bias
exists in the cloud retrieval and to distinguish such a bias
from a true indirect aerosol effect. Satellite observations are
the most critical element in achieving the global and long-
term coverage required for quantifying aerosol and cloud
forcing of the climate system. However, intensive observa-
tions attainable from aircraft studies such as those presented
here are necessary to provide validation and closure for the
satellite studies.

[8] Cloud retrievals from satellite instruments such as
MODIS typically assume that there are no aerosols in the
scene because they cannot be unambiguously detected or
characterized. Therefore, we show comparisons of SSFR
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retrievals of cloud optical thickness and effective radii along
the below-aerosol flight leg, which are unaffected by aerosols
in the upwelling signal, to those observed by Terra MODIS in
near-coincident overpasses. In addition, a sensitivity analysis
of SSFR cloud retrievals to aerosols is conducted by
including nonabsorbing and absorbing aerosols in forward
modeling.

[o] This paper describes the field campaign, central
instruments and measurements used in this study (section 2).
Sections 3 and 4 describe the forward modeling and cloud
retrieval method applied to measured spectral albedo (the
ratio of upwelling to downwelling irradiance). The results in
section 5 are presented in three parts. Comparisons of SSFR
and MODIS cloud retrievals are presented in section 5.1 and
comparisons of SSFR cloud retrievals along below- and
above-aerosol flight legs are presented in section 5.2. Results
from a sensitivity analysis of SSFR retrievals to aerosols are
described in section 5.3. A summary and discussion are
provided in section 6.

2. Background Information

2.1. Field Campaign

[10] During July and August 2004, the SSFR was inte-
grated on two aircraft in different field campaigns collabo-
rating under the umbrella of the International Consortium
for Atmospheric Research on Transport and Transformation
(ICARTT) [Fehsenfeld et al., 2006]. In INTEX-A, the
SSFR and AATS-14 were integrated on the J-31 to measure
the radiative effects of clouds and aerosols. In the New
England Air Quality Study and Intercontinental Transport
and Chemical Transformation study (NEAQS-ITCT)
[Fehsenfeld et al., 2006], the SSFR was integrated on the
NOAA WP-3D aircraft to measure the radiative properties
of anthropogenic aerosols over the Northeastern United
States.

[11] The combination of measured spectral irradiance and
aerosol optical thickness measurements from the J-31,
which flew over the Gulf of Maine, made the analysis
presented in this paper possible. Since aerosol optical
thickness measurements were not available on the WP-3D,
only data from the J-31 are presented. Ancillary data came
from the ship Ronald H. Brown, ground sites in Nova
Scotia, Canada, and the NASA DC-8 aircraft.

[12] A regional view of typical aerosol single-scattering
albedos (the ratio of aerosol scattering to extinction) was
used to guide forward modeling. Aerosol single-scattering
albedo from Particle Soot Absorption Photometer and
nephelometer measurements was available from NOAA
ground monitoring sites at Chebogue Point, NS and Sable
Island, NS, Canada, and measurements aboard the Ronald
H. Brown [Delene and Ogren, 2002; Bates et al., 2006].
However, Angevine et al. [2004] suggested that ground level
aerosols tend to be separated from the continental flow
lofted over the Atlantic Ocean by a cold stable marine
boundary layer. In situ aerosol measurements taken aboard
the DC-8 during INTEX-A supported this conclusion since
aerosols measured above the boundary layer were found to
be more absorbing than those at lower altitudes [Bates et al.,
2006]. Estimated broadband (350 to 700 nm) aerosol single-
scattering albedo from Redemann et al. [2006] at J-31 flight
altitudes spanned a range of 0.8-0.99. Therefore, in our
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forward modeling, we tested the two single-scattering
albedo extremes, 0.8 and 1.0, that spanned the range of
observed and estimated values.

2.2. Measurements

2.2.1. SSFR: Spectral Irradiance and Albedo

[13] The SSFR is a moderate resolution (8—12 nm) spec-
trometer that spans the wavelength range 350 to 1700 nm. It
was calibrated precampaign and postcampaign against a
NIST-traceable 1000 W lamp. During the campaign, the
instruments were calibrated using a 200 W LiCor lamp to
monitor the stability over the duration of the field campaign.
In postprocessing a lab-measured cosine correction was
applied. To account for variable aircraft attitude, data were
filtered to exclude instances when the cosine of solar zenith
angle with respect to aircraft deviated more than 5% from
that with respect to a horizontal tangent plane.

[14] An additional filter on downwelling irradiance was
applied to ensure that conditions above flight level were
either cloud-free or that overhead clouds did not contribute
to downward scattered irradiance. To accomplish this, we
used only SSFR spectra from level flight legs where the
measured downward irradiance was within +2.5% of mod-
eled clear sky downward irradiance for two wavelengths
relatively unaffected by the presence of aerosols (1020 and
1640 nm).

2.2.2. AATS-14: Aerosol Spectral Optical Thickness

[15] The AATS-14 measured aerosol optical thickness at
13 discrete wavelengths over the spectral range 353-2139 nm
and columnar water vapor from transmission at 940 nm.
Spectral aerosol optical thickness, interpolated to SSFR-
RTM wavelengths, was used in forward modeling.

2.2.3. MODIS

[16] MODIS measures radiances [W m 2 nm ' sr '] at
36 wavelength bands from the visible to the infrared. In this
study, we use the MODIS collection 5 MODO06 Level 2
cloud products [Platnick et al., 2003] at 1 km spatial reso-
lution from Terra that were near-coincident with J-31 flight
legs. The MODIS cloud retrievals used in this analysis were
cloud optical thickness, droplet effective radius, and liquid
water path. Relative uncertainties in the retrieved cloud
properties are provided, with the exception of the Band 6
effective radius retrieval as discussed below. A quality
assurance file associated with each MODIS granule pro-
vided useful information such as retrieval confidence based
on the closeness of match between the solution and the
limits of the solution space in the forward modeling look up
table, cloud type, channel pairs used in the retrieval, and if
multiple cloud layers were suspected.

[17] Two specific MODIS data granules used in this
study were MODO06 1.2.A2004197.1525.005.2007024002146.
hdf from 15 July and MODO06 1.2.A2004202.1540.005.
2007024093545.hdf from 20 July. The 20 July granule
required special science processing by the MODIS team
because the sensing of aerosols in the basic operational
algorithm set a flag indicating invalidated cloud retrievals in
the J-31 flight region. For 15 July, we use MODIS data of
“good” to “very good” retrieval confidence.

[18] Although MODIS Band 7 (2105-2155 nm) is the
default wavelength used to provide particle size information
in the operational algorithm, another retrieval of cloud
particle effective radius uses Band 6 (1628-1652 nm) [King
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et al., 1997], which is comparable to the longest wavelength
(1625 nm) used in the SSFR cloud retrievals. For non-
precipitating water clouds, particles at cloud top tend to be
larger than particles below cloud top. Photons in Band 6
have a slightly greater single scattering albedo than those in
Band 7. In addition, because forward scattering increases
with the dimensionless size parameter, x = %, (r is particle
radius and A is wavelength) photons in Band 6 would
experience greater forward scattering than those in Band 7.
Therefore, compared to Band 7, radiation in Band 6 pene-
trates deeper into clouds, where droplets are typically
smaller than those at cloud top. For this study, we found
mean Band 7 MODIS effective radius retrievals were larger
than Band 6 retrievals by 0.5 to 1.0 gm. The MODIS Band 6
effective radius does not have a reported uncertainty since it
is not aggregated in the operational Level-3 product.

[19] To account for the time difference and subsequent
cloud advection (but not evolution) between periods of
aircraft and satellite observations, wind profiles from
radiosondes launched from the Ronald H. Brown were used
to calculate an advected J-31 flight track using the technique
of Davis et al. [2009]. This is required to coordinate sam-
pling volumes from aircraft and satellite platforms in time
and space. For the two study cases, satellite overpasses
occurred within 10 min of the J-31 flight legs. Since cloud
top winds were southwesterly, the advected J-31 flight track
locations were southwest of the actual flight legs. It was
assumed that the cloud parcel moved uniformly, at the speed
and direction of the prevailing wind.

3. Forward Modeling

[20] A plane-parallel radiative transfer model (SSFR-
RTM) [Coddington et al., 2008; Bergstrom et al., 2003]
covering a wavelength range of 300 to 1700 nm, with 1 nm
sampling resolution and spectral resolution and filter func-
tion equivalent to the SSFR (812 nm) is used to simulate
the upwelling and downwelling spectral irradiance for a
range of cloud optical thickness and droplet effective radii.
Molecular absorption for oxygen, ozone, carbon dioxide,
water, and methane was calculated using the correlated-k
distribution method similar to that described by Mlawer et
al. [1997]. Molecular scattering optical depth for an atmo-
sphere containing 377 ppm carbon dioxide was calculated
by numerical approximation [Bodhaine et al., 1999]. The
Discrete Ordinates Radiative Transfer model (DISORT)
[Stamnes et al., 1988] was used for the 1-dimensional
plane-parallel radiative transfer calculations.

[21] For practical reasons, satellite cloud retrievals are
also based on plane-parallel forward calculations. Marshak
et al. [2006] discussed different 3-dimensional (3D)
effects of cloud heterogeneities. Deviations from plane-
parallel behavior may lead to biases in optical thickness and
effective radius similar in magnitude as those from overly-
ing aerosol layers. Here we focus on the effects of aerosol
alone. The 3D cloud effects from stratiform layers are typ-
ically less than from, for example, convective clouds,
although they may still persist [see, e.g., Cahalan et al.,
1994]. Since the footprint of the SSFR in this study is
very similar to that of the satellite pixel, heterogeneities are
expected to have similar effects on the two different
retrievals.
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[22] Additional inputs to the model included the top of
atmosphere solar irradiance spectrum [Kurucz, 1992], sur-
face albedo, day of year, solar zenith angle, atmospheric
profiles of temperature, pressure, and humidity, cloud top
height, optical thickness, effective radius, and scattering
phase function. Aerosols were represented by altitude,
optical thickness, single-scattering albedo, and asymmetry
parameter. A mean solar zenith angle over short durations
(15 min or less) of J-31 flight was used to represent the
entire leg with negligible error.

[23] TIrradiance spectra from a low-altitude (approximately
100 m), clear-sky flight over the Atlantic Ocean during the
campaign were used to obtain a representative sea surface
albedo for use in the model. Corrections to account for the
transmittance of the atmosphere between the sea surface and
the flight level were derived following Coddington et al.
[2008]. The sea surface was very dark, achieving a maxi-
mum albedo of 4% around 400 nm and between 2 and 2.5%
elsewhere.

[24] Vertical profiles of pressure, temperature, and water
vapor were obtained from meteorological sensors on the J-31.
A midlatitude summer standard atmosphere [4Anderson et
al., 1986] was used to provide oxygen, ozone, carbon
dioxide, water vapor, and methane number densities and
extend the vertical profile to 37 km.

[25] Mie scattering code [Evans, 1998] was used to cal-
culate the scattering properties of cloud drops: extinction
(for a liquid water content of 1 g m°), single-scattering
albedo, and Legendre series coefficients of the phase func-
tion. A gamma distribution typical for water clouds was
assumed [Chylek and Ramaswamy, 1982]. The Mie calcu-
lations were performed for droplet effective radii between 1
and 30 um in 1 ym increments and over wavelengths from
300 to 2500 nm in 1 nm increments.

[26] Cloud-scattering phase functions were approximated
using a 4 stream, 8 discrete ordinate Legendre polyno-
mial expansion. We assumed two values of wavelength-
independent aerosol single-scattering albedo, 0.8 and 1.0, as
discussed in section 2. A single wavelength-independent
aerosol asymmetry parameter of 0.7 was assumed. The
aerosol scattering phase function was approximated with the
Henyey-Greenstein phase function.

[27] For below-aerosol legs the model-input aerosol
optical thickness was equivalent to the measured AATS
optical thickness. For above-aerosol legs the aerosol optical
thickness of the layer below the J-31 and above the cloud as
the difference between the AATS-measured aerosol optical
thickness at the two flight levels.

[28] Using these inputs, we calculate the upwelling and
downwelling spectral irradiance for clouds of varying opti-
cal thickness from 0.5 to 100. Since the irradiance at a single
wavelength varies smoothly with optical thickness, we
spline-interpolated the irradiance from an initial coarse
optical thickness resolution to a resolution of unity. For both
dates, six spectral libraries defined by 450 unique pairs of
cloud optical thickness and effective radii were created.
Three of these libraries were specific to a flight altitude
above cloud and below an aerosol layer. The other three
were specific to flight legs above cloud and (a large fraction
of) aerosol. In each group of three libraries, one corre-
sponded to a baseline case with no aerosol. A second
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Figure 2. Bulk absorption coefficient for liquid water as a
function of wavelength.

included nonabsorbing aerosols and the third included
absorbing aerosols.

4. Cloud Retrievals

[20] Figure 2 shows the bulk absorption coefficient for
liquid water, which is a function of the imaginary part of the
complex index of refraction and wavelength. Between 300
and 1700 nm, the bulk absorption coefficient changes by as
much as 5 orders of magnitude. Figure 3 shows one minus
the single-scattering albedo (w,),0or co-single-scattering
albedo, derived from Mie theory calculations over this same
spectral range. Droplet absorption increases with particle
size and is negligible at visible wavelengths. Droplet
extinction is also dependent upon particle cross section (i.c.,
volume/size). For fixed liquid water content, scattering
varies inversely with particle size since the ratio of droplet
surface area to volume decreases as size increases.

[30] Because cloud absorption and extinction (and there-
fore, cloud optical thickness) depend upon particle size, it is
not possible to completely separate the effects of size and
optical thickness in the measured cloud reflectance at a

single wavelength. However, at visible and very near-
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Figure 3. Co-single-scattering albedo (1 — w,) as a func-
tion of wavelength and four different effective radii. Droplet
absorption increases with particle size.

D10211

infrared wavelengths where absorption is negligible (Figure 3)
the magnitude of cloud reflectance will be governed mainly
by optical thickness. Conversely, at near-infrared wave-
lengths, there is a strong dependence on absorption, and
therefore particle size. This forms the physical basis for two-
wavelength cloud retrievals, illustrated in Figure 4, which
shows that in the limit of very thick clouds, curves of optical
thickness and effective radius are nearly orthogonal.

[31] A multiwavelength retrieval exploits the same phys-
ics exhibited in Figure 4 but with added information.
Twomey and Cocks [1989] used measurements of cloud
reflectance at five wavelengths and a weighted least squares
procedure to find the closest match between observations
and modeled spectral reflectance. Equation (1) is the chi-
square statistic proposed by Twomey and Cocks [1989] and
adopted by this study using albedo at wavelengths 515,
745, 1015, 1240, and 1625 nm applied in the inversion.
Equation (1) consists of two terms, the first of which
responds to optical thickness, the second droplet size. Terms
x; and y; denote measured and modeled albedo, respec-
tively, and & is the index for wavelength.

5

¢=ry (5—k>2<xk—yk>2+<k—1>2(’ﬁ—y—k)2 (1)
60 X1

k=1 Y1

[32] A quantification of the information content in this
multispectral retrieval is the topic of a companion paper and
will not be discussed here. However, justification for the
Twomey-Cocks weighting is the following: at the shortest
wavelengths where water does not absorb, the albedo is
almost a direct measure of the cloud optical thickness. For
this reason, shortest wavelengths are given the greatest
weighting for albedo, the first term in equation (1). With
increasing absorption from the midvisible through near-
infrared, cloud albedo responds to changes in optical
thickness and particle size. The response to optical thickness
is dampened by normalizing by something nearly equivalent
to optical thickness, the albedo at a conservatively scattered
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Figure 4. Albedo at 850 and 1625 nm. The near-orthogonality
between cloud optical thickness and effective radius can be
seen at large optical thickness. The solid near-vertical lines
represent constant cloud optical thicknesses, and the dashed
near-horizontal lines represent constant effective radii.
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Figure 5. MODIS 1 km visible imagery of cloud scene on
15 July with J-31 flight track superimposed. Color coding
indicates flight altitude. Data for the below-aerosol case
come from section of green flight track near box center;
above-aerosol case comes from red flight track.

wavelength (k; = 515 nm for our case). Now only the
response to droplet size remains so normalized albedos are
weighted most strongest at the longest wavelengths, where
water is increasingly absorbing, in accordance with Figure 4.
The best-fit solution is identified at the minimum residual
(i.e., remainder) of equation (1). The minimum residuals
obtained in this study are on the order of 3%, which is within
the measurement accuracy of the SSFR (3—5%). However, a
residual uncertainty is not the same as a retrieval uncertainty
which we calculate by propagating a 5% measurement error
uncertainty through the chi-square statistic.

[33] In the limit where the cloud drop size is much greater
than the wavelength of light (i.e., for size parameters >1)
and the droplet extinction efficiency (Q.,,) approaches 2, the
liquid water path (LWP) can be calculated from cloud
optical thickness (7) and effective radius (r,):

3 LWP
R = —— 2
remy (2)

5. Results

[34] For flight legs (see Figure 1) that occurred above
cloud and below the aerosol layer spectral albedo was
unaffected by the aerosol layer; the downwelling irradiance
was influenced by the aerosol layer and molecular scattering
and absorption. The above-aerosol flight legs occurred
above cloud and most of the aerosol so for these cases the
reflected irradiance from cloud top was transmitted through
aerosol layers. The downwelling transmitted signal
contained relatively small contributions from aerosol. Only
22% of the total layer aerosol (aerosol optical thickness =
0.018 at 499 nm) was above the upper level flight leg on
15 July and 16% (aerosol optical thickness = 0.038 at
499 nm) on 20 July 2004.
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[35] This experiment allowed us to fly above and below
aerosol layers to monitor albedo changes for two cases:
cloud layer only (below aerosol), and cloud plus aerosol
layer (above aerosol). SSFR measurements along below-
aerosol flight legs can be compared to MODIS retrievals.
We do not make comparisons between SSFR and MODIS
for above-aerosol scenarios. However, we do compare
SSFR retrievals from below- to above-aerosol cases and
measure the impact of neglecting the extinction of the
aerosol layer on the measured cloud albedo.

[36] The half-power footprint for irradiance is defined as a
circle of radius equal to the distance above the scene.
Therefore, the SSFR footprint increases with altitude above
cloud. Because aircraft-to-cloud distance, and therefore
SSFR half-power footprint, were larger for the above-
aerosol legs, the upwelling irradiance and retrieved cloud
properties are smoother than from the below-aerosol legs
due to a larger area contributing to the measurements. A 5%
measurement uncertainty was propagated through the cloud
retrieval statistic to obtain a relative retrieval uncertainty.

5.1. Comparison of SSFR and MODIS Cloud
Retrievals (Below-Aerosol Layers)

5.1.1. 15 July

[37] Figure 5 shows MODIS visible imagery of the cloud
scene on 15 July with J-31 flight track superimposed. The
lower level flight segment (portion of green flight track near
box center) of J-31 flight track was approximately 15 min in
duration (15.348-15.584 UTC) at 2.4 km altitude in the
region 42.9N, 70.6 W. An aerosol layer of optical thickness
0.08 at 499 nm was observed above flight level. The aerosol
optical thickness above flight level had no impact on the
SSFR cloud retrievals, which were derived using albedo and
therefore were independent of changes in incident illumi-
nation. 421 SSFR spectra met the filtering criteria described
in section 2.2. The flight track was coincident with the
MODIS overpass (15.417 UTC). MODIS retrievals from
351 pixels had “good” to “very good” retrieval confidence.
The cloud top height and pressure were approximately
1.5 km and 840 hPa, respectively (as determined from
MODIS cloud top pressure). The SSFR half-power footprint
was approximately 1 km, roughly equal to the 1 km reso-
Iution of MODIS.

[38] Figure 6 shows the location of the SSFR and MODIS
measurement regions and the cloud retrieval comparisons
for effective radius, cloud optical thickness, and cloud liquid
water path. A methodology for reconciling the retrieval of
physical quantities using measurements from instruments
(including SSFR and MODIS) having different sampling
characteristics was presented by Feingold et al. [2006].
Several factors inherent to the instruments and to the scene
contribute to imperfect agreement of retrieved quantities,
including but not limited to, sampling volume, spectral
resolution and range, accuracy of each instrument, and scene
heterogeneity. Some of these are discussed by Feingold et
al. [2006] and are beyond the scope of the current study.

[39] SSER retrievals of effective radius tend to be near the
lower limit of MODIS retrieved values and in some
instances are outside of the uncertainty range. Optical
thickness and liquid water path agree within the uncertainty
ranges for each instrument. In regions of small MODIS
cloud optical thickness (<5), the retrieved MODIS effective
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Figure 6. (a) Location of SSFR (red) and MODIS (black) for 15 July 2004. Since the J-31 flew a loop-
ing pattern through the region, MODIS cloud retrievals are shown from pixels enveloping the flight
region. The relative sizes of red and black symbols represent the similarity in spatial coverage between
the instruments. Ronald H. Brown located at blue square. Retrievals of (b) cloud effective radius, (c) cloud
optical thickness, and (d) liquid water path. Red error bars represent the SSFR retrieval uncertainty; black
error bars represent the MODIS uncertainty (with the exception of effective radius).

radius is larger (on the order of 10 um) than that of the
SSFR. For all three variables, a wider distribution was found
for MODIS retrievals than for SSFR. This suggests that the
larger region encompassed by MODIS pixels may have
included greater scene heterogeneity. However, the variance
in SSFR retrievals at several longitudes (70.55W, 70.6W,
and 70. 65W) spanning the latitude range encompassed by
MODIS was far less.

5.1.2. 20 July

[40] Figure 7 shows MODIS visible imagery of the cloud
scene on 20 July. The below-aerosol flight segment (blue
section near box center) was approximately 6 min in dura-
tion (15.774-15.878 UTC) at 0.8 km altitude in the region
43.1 N, 69.8 W. An aerosol layer of optical thickness 0.23 at
499 nm, approximately three times thicker than that
encountered during the 15 July case, was measured above
the plane. 365 spectra were found to be suitable for cloud
retrievals. A MODIS overpass occurred 6 min earlier, at
15.667 UTC. Due to the low flight altitude above cloud top,
the SSFR half-power footprint was smaller than the MODIS
pixel.

[41] The wind speed and direction at cloud top (I km
altitude, from a mean MODIS cloud top pressure of 900 hPa)
were used to advect the flight track to the time and location
of the MODIS overpass. For this date, near-coincident
radiosonde data were not available. One launch, nearer to
the region of J-31 flight track (see blue box in Figure 8a),

Figure 7. Plot details are as in Figure 5 but for 20 July.
Data for the below-aerosol case come from section of blue
flight track near box center; above-aerosol case comes from
orange flight track region.

7 of 13



D10211

a)
43.4 E'"""'|""""'|""""'.ll""""'|""""'|""""E
E Ronald Brown (17 UTC) 3
433 E- a =
E == aMODIS (15.667 UTC) E
® 432 E MODIS (advected region of J-31) =
) S E = **SSFR (15.774-15.878 UTC) E
§ 43.1 E_ fﬂd _g
43.0 E- 3
42.9 %‘!‘!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'!'|E‘

-70.1 -70.0 -69.9 -69.8 -69.7 -69.6 -69.5
Longitude

c)
30 L LA LU W LAY Lttt
(%] - =
3 25 —
: E
= 20 =
= E 3
S15E E
3 E 3
O 10 —
o° o 3
3 - =
o 5 =
o = =

% ARRTEAT] ANTTENTINY FATITATI FRVTTRTITE FAVETITETI FATTTRTTN,

0.1 -70.0 -69.9 -69.8 -69.7 -69.6 -69.5
Longitude

CODDINGTON ET AL.: IMPACT OF AEROSOLS ON CLOUD RETRIEVALS

D10211

b)
/. 30 g
g E I I I I I E
= 25 g -
2] - -
2 - ]
g 20 = —
o = = =
g 15 :_ HEF:IE a _:
Is] E Fa a E
L 10 —
w - ]
° = = =
3 S —
o = =
O _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

970.1 -70.0 -69.9 -69.8 -69.7 -69.6 -69.5
Longitude

d)
200 rrrrrrrrrrTTT T
E .
2 150 — ]
o - .
T r .
o C .
5 100 — —
5 C 7
= C ]
g S0 3
=) - .
| - -
_II IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

g

1 -70.0 -69.9 -69.8 -69.7 -69.6 -69.5
Longitude

o

Figure 8. (a) Location of SSFR (red) and MODIS measurements in region of nonadvected (black) and
advected (light blue) flight regions for 20 July 2004. Advected flight region is approximately 6 km south-
west of nonadvected flight region. The difference in spatial resolution is illustrated by the scaled symbol
sizes. Ronald H. Brown located at blue square. Retrievals of (b) cloud effective radius, (c) cloud optical
thickness, and (d) liquid water path are shown. The cloud retrievals corresponding to the light blue
MODIS pixels (i.e., from the region of the advected flight track) have been shifted with a constant delta
longitude to overlie the same scale as the black MODIS pixel results to ease comparisons. Remaining plot

details are as described in Figure 6.

occurred at 17 UTC and measured cloud top wind speeds
and direction of 6.1 m s from 225° at 1 km. Another
occurred at 11 UTC at43.7N, 68.8 W, approximately 100 km
to the southwest, and measured similar winds, indicating
that winds remained steady over a long period.

[42] Figure 8 shows the location of the SSFR and MODIS
observations and comparisons of retrieved droplet effective
radius, cloud optical thickness, and cloud liquid water path.
There are large variations of retrieved cloud optical thick-
ness and liquid water path for relatively constant values of
effective radius. For both instruments, retrieved cloud
optical thickness ranged from approximately 5 to 20, liquid
water paths from 20 to 130 g m %, and effective radii from
8 to 12 pum.

[43] In regions of MODIS cloud optical thickness less
than 5, the MODIS effective radius exceeded SSFR effec-
tive radius by as much as 10 um. For thicker clouds,
MODIS effective radius exceeded SSFR values by 1-2 pm.
Large along-track variability in cloud optical thickness and
liquid water path made point-to-point comparisons difficult
between SSFR and MODIS. The MODIS pixels in the
region of the advected flight track showed improved
agreement in the variation in effective radius, cloud optical
thickness and liquid water path (especially for longitudes
between —69.9 to —69.8 and —69.75 to —69.65), justifying
the flight-track advection method. Differences at these
longitudes approached 2 in cloud optical thickness and were

within the uncertainty range of each instrument for liquid
water path. Outside of these longitudes, differences in cloud
optical thickness and liquid water path reached values of
10 and 50 g m 2, respectively.

5.2. Comparison of SSFR Cloud Retrievals
(Below- and Above-Aerosol Layers)

5.2.1. 15 July

[44] The above-aerosol flight leg (see red flight track
segment in Figure 5) was at 5.5 km altitude and in fairly
close proximity (42.8N, 70.5 W) to the below-aerosol flight
region discussed in section 5.1. It was approximately
3.5 min long (16.003-16.060 UTC) and occurred 35 min
after the below-aerosol flight leg. Only 22% of the total
aerosol layer was above the J-31 flight level. 103 SSFR
spectra were suitable for cloud retrievals.

[45] Figure 9a shows the SSFR measurement region from
the below-aerosol (red symbols) and above-aerosol (black
symbols) flight legs. The wind speed and direction at cloud
top (8.3 m s ' at 214°) was used to calculate an advected
J-31 flight track region (grey), approximately 20 km south-
west of the below-aerosol flight leg. Figures 9b—9d compare
retrievals of effective radius, cloud optical thickness, and
cloud liquid water path from the two legs. Retrievals from
the above-aerosol leg were within the same range of those
from the below-aerosol leg.
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Figure 9. (a) Location of SSFR on below-aerosol (red) and above-aerosol (black) flight legs for non-
advected (black) flight regions from 15 July 2004. The SSFR half-power footprint is larger on the upper
leg relative to the lower leg (represented by scaled sizes of the symbols). Advected flight region (grey) is
approximately 20 km southwest of below-acrosol flight region. Retrievals of (b) cloud effective radius,
(c) cloud optical thickness, and (d) liquid water path are also shown. Error bars represent a 5% measure-

ment uncertainty propagated through the retrieval.

[46] In the region furthest southwest during the below-
aerosol flight leg, clouds had optical thicknesses less than 10
and effective radii less than 10 um. Cloud optical thickness
along the above-aerosol flight leg was greater than 10. Since
the aerosol optical thickness contributing to the reflected
irradiance from cloud top along the above-aerosol leg was
less than 0.1, this suggests that either different clouds were
sampled or that clouds evolved during the time between
below- and above-aerosol flight legs.

5.2.2. 20 July

[47] The above-aerosol flight leg (orange flight section
in Figure 7) was approximately 10 min long (16.030-
16.205 UTC) at an altitude of 4.4 km in the region of 43.1N,
69.7 W. It occurred 7.5 min after the below-aerosol leg and
in close proximity to it (discussed in section 5.1). 16% of the
total above-cloud aerosol layer was above the flight altitude.
205 spectra were used in retrievals along this leg.

[48] Figure 10a shows the location for the below-aerosol
(red) and above-aerosol (black) flight legs. The advected
flight track region for this leg (not shown) was in very close
in proximity to the nonadvected flight region. This flight leg
was approximately 3—4 km above cloud top, resulting in an
SSFR half-power footprint approximately 3—4 times the size
of the half-power footprint on the below-aerosol leg.

[49] Figures 10b—10d show SSFR cloud retrievals of
effective radius, cloud optical thickness, and cloud liquid
water path for both flight legs. Retrieved values of effective
radius along both flight legs compare within the uncertainty

range of the SSFR. Retrieved cloud optical thickness and
liquid water path along the above-aerosol flight leg showed
greater variability than those along the below-aerosol leg.
This may have been due to greater scene inhomogeneity in
the larger footprint of the above-aerosol flight leg.

5.3. Sensitivity of SSFR Cloud Retrievals to Aerosols

[s0] Aerosols were neglected in the SSFR and MODIS
cloud retrievals shown in sections 5.1 and 5.2. In this section
we show the possible impacts of this omission by comparing
to SSFR retrievals from forward modeling with aerosols
included.

[51] The affect of aerosols on cloud retrievals can be seen
in Figure 4 and is illustrated by Haywood et al. [2004].
Figure 4 shows cloud albedos at 850 and 1625 nm. The
near-orthogonality between cloud optical thickness and
effective radius can be seen at larger optical thickness. For
clouds with optical thickness below approximately 40, the
behavior deviates from orthogonality. At zero optical
thickness, the albedo is equivalent to the surface albedo. An
absorbing aerosol layer above cloud top can reduce the
albedo, which can affect retrieved cloud optical thickness
and effective radius, particularly where cloud optical
thickness is less than 40.

[52] Table 1 lists SSFR retrievals of cloud optical thick-
ness (T¢uq) and effective radius (r,) for 15 and 20 July for
flight legs below and above aerosol. Table 1 also shows the
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Figure 10. (a) Location of below-aerosol (red) and above-aerosol (black) SSFR flight legs for 20 July
2004. The below- and above-aerosol flight legs occurred closely in time, and the advected flight location
(not shown) is not significantly different from the above-aerosol flight leg. Retrievals of (b) cloud effec-
tive radius, (c) cloud optical thickness, and (d) liquid water path are also shown. Plot details are as

described in Figure 9.

mean minimum residual between measured and modeled
albedo.
5.3.1. Upper Cases: 15 and 20 July

[53] The analysis along the 15 and 20 July upper flight
legs suggests that aerosol contributions to the reflected
cloud-top irradiance can bias cloud retrievals. Figures 11
and 12 show normalized histograms of the 15 and 20 July
retrievals using the libraries described in section 3. These
results show that neglecting the aerosol (black) or including

it as nonabsorbing (red) had negligible effect on the mean
retrieved cloud properties or their distributions. However,
this was not true when assuming that the overlying aerosol
layer was absorbing (blue). On 15 July, the mean retrieved
cloud optical thickness and effective radius were both larger
but within 1 standard deviation of those made when aerosols
were neglected. Mean cloud optical thickness increases by
approximately 0.5 and mean effective radius by 1 um. This
implies that neglecting the overlying absorbing aerosols in

Table 1. Mean and Standard Deviations for SSFR Cloud Retrievals of Cloud Optical Thickness and Effective
Radius and the Best-Fit for the Below- and Above-Aerosol Flight Regions Defined by the Minimum Residual
Between Measured and Modeled Albedo Using the Statistic Defined in Equation (1)*

Date Library Teld Fe (yum) Residual® (%)

15 July (below-aerosol case) Baseline 72+22 9.7+ 1.7 1.1+03
+ Nonabsorbing 71+£22 97+18 1.0+ 0.3

+ Absorbing 72+£22 99+19 1.0£0.3

15 July (above-aerosol case) Baseline 10.7 £ 0.6 89+0.6 1.1 £0.1
+ Nonabsorbing 10.7 £ 0.6 87+0.5 12 +0.1

+ Absorbing 11.5+0.7 10.2 £ 0.8 0.8 £0.1

20 July (below-aerosol case) Baseline 142 + 6.0 81+14 12+03
+ Nonabsorbing 13.6 +5.8 7.4+0.8 1.0+0.2

+ Absorbing 13.9+5.9 78 +1.1 1.0+0.2

20 July (above-aerosol case) Baseline 14.8 £3.9 82+0.7 1.0£0.2
+ Nonabsorbing 143 +£3.9 7.7+0.4 1.3+£0.1

+ Absorbing 18.7+ 5.5 11.7+14 2.4 +0.1

*Results are shown for baseline (cloud only) forward modeling, and for two cases of aerosol; nonabsorbing (aerosol single-
scattering albedo = 1), and absorbing (aerosol single-scattering albedo = 0.8). Abbreviations: 7., cloud optical thickness; 7,,

effective radius.
*Remainder.
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Figure 11. Normalized histograms of SSFR (a) cloud optical thickness and (b) effective radius for the
various radiative look up tables on 15 July 2004. Baseline results are shown in black. Blue represents
results from forward modeling that included the addition of absorbing aerosols above the cloud; red
represents results from nonabsorbing aerosols. Results show that neglecting absorbing aerosol above
cloud would bias the cloud retrieval to smaller cloud optical thickness and effective radius.

forward modeling calculations biases the cloud retrievals to
smaller cloud optical thickness and effective radius. There
was a slight increase in the standard deviations of both
retrieved distributions when absorbing aerosols were
included (on the order of +£0.1 to 0.2).

[s4] The sensitivity to absorbing aerosols was greater for
conditions on 20 July. Neglecting absorbing aerosols
resulted in a best fit between measured and modeled irra-
diances for a cloud of lower optical thickness (by 4) and
smaller particle size (by 3 pum). This again shows that an
overlying absorbing aerosol layer reduced the magnitude of
the upward irradiance measured above cloud top enough to
bias the retrieval toward lower optical thickness and smaller
particle size. It also suggests that absorbing aerosols of
larger optical thickness, which occurred on 20 July, would
reduce upward irradiance measured above cloud top. Sub-
sequently, amplification of the retrieval bias toward even
lower optical thickness and smaller particle size would
occur.

5.3.2. Lower Cases: 15 and 20 July

[55] Retrievals for 15 July along the lower level flight leg
showed no change in the mean or distribution of retrieved
cloud properties with or without modeled aerosols. This is to
be expected since the SSFR retrievals were done using
albedo which responds to changes in incident radiation.
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Along this flight leg, cloud optical thickness was approxi-
mately 7 and effective radius 9.7 pum. Along-track vari-
ability (at the 1-standard-deviation level) was £2.2 in cloud
optical thickness and slightly less than 2 pm in effective
radius. The along-track variability in SSFR effective radius
and cloud optical thickness (red symbols) can also be seen
in Figures 6b and 6¢ from retrieval results where aerosols
were neglected in the forward modeling.

[s6] For 20 July, the amount of aerosol above flight level
was approximately 3 times greater than that measured dur-
ing 15 July. Reductions in cloud optical thickness and
effective radius calculated with the cloud plus nonabsorbing
or cloud plus absorbing aerosol library are less than 0.5 in
optical thickness and 1 um in effective radius, respectively.
The standard deviation in the minimum residual of the cloud
retrievals changed little when aerosols were included in the
forward modeling (the along-track variability can also be
seen in Figures 8b and 8c).

6. Conclusions

[57] For two different dates during INTEX-A, we
retrieved effective radius, cloud optical thickness and liquid
water path using SSFR albedo measurements made above
cloud and below an aerosol layer and then above both the
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Figure 12. Normalized histograms of SSFR (a) cloud optical thickness and (b) effective radius for the
various radiative look up tables on 20 July 2004. Plot details are as described in Figure 11.
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cloud and aerosol layer. The clouds were nonprecipitating
marine stratus off the northeast coast of the United States.
These SSFR measurements were spatially collocated with
MODIS overpasses and we show comparisons of retrieved
cloud properties between the two instruments. The time
elapsed between SSFR measurements along the lower level
flight legs and MODIS overpasses ranged from 0 to 6 min.

[58] Retrieved values of effective radius from SSFR ten-
ded to be smaller than MODIS values and at the low end of
MODIS uncertainty estimates. This effect is most pro-
nounced in regions of optical thickness less than 5. Apart
from aerosol impacts, differences in surface albedo used in
the MODIS and SSFR forward modeling were a potential
source for the discrepancy in effective radius. In regions of
low cloud optical thickness, the measured upwelling radia-
tion above cloud top will contain a contribution from the
surface. The sea surface albedo measured by SSFR was very
dark, reaching a maximum of 4% around 400 nm and 2—
2.5% elsewhere. The MODIS algorithm (MODO06) [Platnick
et al., 2003] assumed a constant diffuse ocean albedo of 5%
for all solar bands used in the retrieval. Therefore, the
modeled upwelling signal above cloud top (for low optical
thickness) would exceed measured. Consequently, a best fit
between measured and modeled radiance would occur for a
cloud of larger droplet size.

[59] In regions with small variability in cloud properties,
retrieved optical thickness between the instruments agreed
within their respective uncertainties with the exception of a
small number of outliers that differed by up to 2-3. In these
same regions, SSFR and MODIS values of liquid water path
agreed within the uncertainty range for each instrument. In
regions of large variability in cloud properties, differences in
cloud optical thickness and liquid water path were as much
as 10 and 50 g m 2, respectively. For the cases examined,
cloud optical thickness ranged from 5 to 25, effective radius
from 6 to 25 yim, and liquid water path from 20 to 190 g m™2.

[60] By including aerosols in forward modeling, and
adopting plausible ranges for aerosol single-scattering
albedo and asymmetry parameter, we tested the sensitivity
of retrieved (cloud optical thickness, effective radius) pairs
to overlying aerosol layers. An irradiance library without
aerosols was used to compare cloud retrievals from the
libraries that included cloud plus aerosol.

[61] Our study illustrates that an absorbing aerosol layer
overlying the cloud reduces the measured upward irradi-
ance. If these absorbing aerosols were not included in for-
ward modeling, a best fit with an optically thinner cloud of
smaller droplet effective radii would occur. We found such a
potential sensitivity for two cases of overlying aerosol layers
with optical thickness 0.06 and 0.19 at 499 nm, and found
that the retrieval bias increased with aerosol optical thick-
ness. A significant potential bias was not seen when the
modeled overlying aerosol was nonabsorbing. These results
support those of Haywood et al. [2004] who found that an
aerosol layer overlying cloud biased the retrieved cloud
droplet effective radius toward smaller values.

[62] The thickness of the aerosol layer overlying cloud
determines the degree to which aerosols affect cloud
retrievals. Cloud retrievals made using an irradiance library
that included overlying absorbing aerosols with optical
thickness of 0.06 differ by less than 1 standard deviation
from those made with an irradiance library that neglect this
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aerosol. However, when retrievals are made with an irradi-
ance library that included absorbing aerosols of a larger
optical thickness equal to 0.19, the differences in retrieved
cloud properties exceeded 1 standard deviation from those
made with an irradiance library that neglected aerosol. This
change in effective radius is large enough to cause signifi-
cant changes in cloud radiative forcing [Slingo, 1990] and
emphasizes the need for reliable cloud droplet effective
radius retrievals.

[63] These results are significant, especially when noting
that these aerosol layers are relatively optically thin, which
suggests that the acrosol impact upon cloud retrievals should
be understood even under background aerosol conditions.
The range in aerosol single-scattering albedo from 0.8
(absorbing) to 1.0 (nonabsorbing) modeled in our forward
calculations represents a broad range of possible measured
aerosol absorption. If the overlying aerosol layers for our
cases had midvisible single-scattering albedos typical of
regional, in situ measured ground level aerosol (aerosol
single-scattering albedo = 0.96) [Bates et al., 2006], the
typical magnitude of their effect on cloud retrievals would
lie somewhere between the range of possibilities shown in
Table 1.

[64] We show the importance of accounting for aerosols
overlying cloud when retrieving cloud optical properties. To
get our results, numerous forward modeling calculations
were made to investigate the impact of ranges in aerosol
optical thickness and single-scattering albedo on the cloud
properties. However, since aerosols have variable micro-
physical properties, loading, and lifetimes, forward model-
ing under all possible combinations is impractical. We
propose a method (T. Vukicevic et al., Characterizing the
retrieval of cloud properties from optical remote sensing,
submitted to Journal of Geophysical Research, 2009) where
the aerosol effects on cloud retrievals can be quantified by
treating aerosols as a model uncertainty in the existing
libraries. Assuming prior knowledge of the aerosol optical
thickness and absorption properties overlying the cloud, the
outcome of this proposed method is a change in the prob-
ability density function of the retrieval over the full range of
the optical thickness and effective radius that results from
the added uncertainty. The change in the probability density
function quantifies systematic and random errors in the
retrieval due to the effects of aerosols.
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